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1Ϫ4 These experiments have inspired rapid theoretical development in the thermoelectric properties of nanojunctions. 5Ϫ15 This interest is partially motivated by the possible application of such nanojunctions in thermoelectric devices and partially by the desire to understand the thermoelectric properties found in atomic-sized junctions. Thermoelectric nanodevices can be considered as new style devices which can be integrated into chip sets in order to assist the stability of devices by converting the accumulated waste heat into usable electric energy. As the Seebeck coefficients are relevant not only to the magnitude but also to the slope of density of states (DOSs), they can reveal more detailed information about the electronic structures of the nanostructured objects bridging the nanojunctions beyond what the conductance measurements can provide. The Seebeck coefficient has been used to explore the electronic structures of molecular junctions using functional substitutions for the bridging molecules. 2, 3, 14 The gate field has been theoretically proposed as a means of modulating the conduction mechanism between p-type [in which the Fermi energy is closer to the highest occupied molecular orbital (HOMO)] and n-type [in which the Fermi energy is closer to the lowest unoccupied molecular orbital (LUMO)] via the sign of the Seebeck coefficient. 6, 7, 14 Although much research has been devoted to the study of Seebeck coefficients, little is known about the efficiency of energy conversion in nanojunctions. 10 As such, the objective of this research is to provide deeper insights into the thermoelectric efficiency, usually characterized as the thermoelectric figure of merit ZT. This study has considered the combined heat currents, including the electronic and phononic heat currents.
Thermoelectric nanojunctions consist of a nanostructured object sandwiched between sourceϪdrain electrodes serving as independent electron reservoirs with distinct chemical potentials L(R) and independent temperature reservoirs with distinct temperatures T L(R) . The thermoelectric figure of merit ZT depends on the following several physical factors: the Seebeck coefficient (S), the electric conductance (), the electronic heat conductance ( el ), and the phononic heat conductance ( ph ). The thermoelectric efficiency in the nanoscale junctions can thus be described by the dimensionless thermoelectric figure of merit presented as 11 where T is the average temperature in the sourceϪdrain electrodes. When ZT tends to infinity, the thermoelectric efficiency of nanojunctions will reach the Carnot efficiency. To obtain a large ZT value, the thermoelectric nanojunction would need to have a large value of S, a large value of , and a small value of the combined heat conductance ( el ϩ ph ). Thermoelectric devices with a large value of are usually accompanied by a large value of el , owing to the same proportionality with the transmission function. In the case that ph Ͻ Ͻ el , the cancelation between and el makes the enhancement of the thermoelectric figure of merit ZT quite a challenging task.
Using the first-principles approaches, we investigate the fundamental properties of ZT in nanojunctions in this paper. We focus on small-sized atomistic systems wherein electron transport is essentially ballistic. The objective of this study is to obtain qualitative and quantitative descriptions of ZT for temperatures and lengths of the nanojunctions. As an example, we investigate ZT for aluminum (conducting) atomic junctions and alkanethiol (insulating) molecular junctions (see Scheme 1). The Al atomic junctions are ideal test beds for studying the charge transport in the ballistic system at the atom scale level. 16Ϫ19 In contrast to the conductor behavior of Al atomic junctions wherein the resonant tunneling is the major transport mechanism, alkanethiol molecular junctions serve as insulators. Alkanethiols [CH 3 (CH 2 ) nϪ1 SH, denoted as C n ] are a good illustration of reproducible junctions that can be fabricated. 20, 21 It has been established that nonresonant tunneling is the main conduction mechanism in alkanethiol junctions. Consequently, the conductance is small and decreases exponentially with the length of junction given as ϭ 0 exp(Ϫl), where l is the length of junctions and Ϸ 0.78 Å
Ϫ1
. To obtain quantitative description of ZT for temperatures and lengths of the nanojunctions, the self-consistent density functional theory (DFT) in the scattering approaches has been performed. The effective single-particle wave functions have then been applied to calculate the electric conductance , the Seebeck coefficient S, and the electronic heat conductance el . However, in the absence of the phononic heat conductance, the research on ZT is incomplete. In this study, we have considered the combined heat conductance including both electronic heat conductance and phononic heat conductance. To consider the phononic heat current, the macroscopic electrodes have been taken as ideal thermal conductors with distinct temperatures. The rate of thermal energy flow between two macroscopic temperature reservoirs joined by a nanostructured object has been then estimated by a weak link model equivalent to the thermal Landauer formula in the weak tunneling limit. 22 The weak mechanical link is then modeled by a harmonic spring of stiffness (K).
To gain further insights into the qualitative description of ZT on the dependence of the temperatures and lengths in the nanojunctions, we have developed an analytical theory for ZT. In the low-temperature regime with bias nearing zero, we have expanded the Seebeck coefficient S, the electronic heat conductance el , and the phononic heat conductance ph to the lowest order in temperatures. We have observed a characteristic temperature
, at which the electronic heat conductance equals the phononic heat conductance, that is, el (T 0 ) ϭ ph (T 0 ). For T Ͻ Ͻ T 0 , the combined heat conductance is dominated by the electronic heat conductance ( el (T) Ͼ Ͼ ph (T)), and it is found that ZT ϰ T
.
For T Ͼ Ͼ T 0 , the combined heat conductance is dominated by the phononic heat conductance ( el (T) Ͻ Ͻ ph (T)), and it is found that ZT tends to a saturation value.
In addition, the relation between ZT and the junction lengths depends on the electron transport mechanism. For the alkanethiol (insulating) molecular junctions, the saturation value of ZT decreases as the length increases; on the other hand, for the aluminum (conducting) atomic junctions, the saturation value of ZT increases as the length increases. Different characteristics in ZT can be attributed to the difference in electron transport mechanisms between the Al atomic junctions and the C n molecular junctions. For the C n junctions, the electric conductance decreases exponentially [ ϭ 0 exp(Ϫl)] due to the insulating behavior. Consequently, the length characteristic of ZT becomes dominated by the electric conductance [ ϰ exp(Ϫl)], such that ZT decreases exponentially as the length increases. For Al atomic junctions, the electric conductances range from 1 to 2G 0 , which are relatively insensitive to the lengths compared with the C n junctions, due to resonant tunneling. In this case, the length characteristic of ZT is dominated by the phononic heat conductance ph ϰ l Ϫ2 when T Ͼ Ͼ T 0 ; consequently, ZT increases as the lengths of junctions increase. For these reasons, the length-dependent characteristic of ZT for the metallic atomic junctions becomes opposite to that of the insulating molecular junctions. Therefore, longer conducting atomic junctions and shorter insulating molecular junctions show better thermoelectric efficiency.
The nanojunction with a large Seebeck coefficient is of key importance in increasing ZT. The characteristic of such nanojunctions is a sharp peak around the Fermi levels in the DOS, 14 and the Seebeck coefficient can be further optimized by applying the gate field. 7, 14 The widely diversified atomic-sized junctions may be achieved by manipulating the species of nanostructured objects and the contact region. Such manipulations may lead to a significant change in the density of states (DOSs), consequently varying the Seebeck coefficient of the nanojunctions. A full exploration of all possibilities in such an unknown system may lead to observations of the large ZT suitable for practical thermoelectric nanodevices. The results of this study may be of interest to researchers attempting to develop new styles of thermoelectric nanodevices.
The flow of the discussion for this paper is as follows. We present the analytical theory of ZT and comparative studies on ZT for the atomic junctions and molecular junctions of various lengths in Results and Discussion. We then summarize our findings in Conclusions. Finally, we describe the theory of first principles calculations for ZT in Theoretical Methods.
RESULTS AND DISCUSSION
We have performed first-principles calculations to investigate ZT in Al atomic junctions and C n molecular junctions using eq 14 for the Seebeck coefficient, eq 15 for the electric conductance, eq 19 for the electronic heat conductance, and eq 23 for the phononic heat conductance. To gain further insights into the qualitative description of ZT on the dependence of the temperatures and lengths, we expand the Seebeck coefficient S, the electronic heat conductance el , and the phononic heat conductance ph to their lowest order in temperatures. Equations 14, 19, and 23 can then be described by the following power law expansions:
). Here (E) is the transmission function given by eq 11; is the chemical potential; Y is the Young's modulus of the junction; A (l) is the cross section (length) of the nanostructured object sandwiched between electrodes; and C is a constant, which is given by the spectral density of phonon states at the left (right) electrode surface: N L(R) (E) Ӎ CE. 23, 24 As a consequence of eqs 2, 3, and 4, the thermoelectric figure of merit, ZT ϭ S 2 T/( el ϩ ph ), in the nanojunctions has a simple form which is valid in when T R Ϸ T L ϭ T and V B ϭ 0 V.
We observe a characteristic temperature,
, for ZT in the nanoscale junctions. The characteristic temperature, T 0 , is defined as the temperature where the electronic heat conductance equals the phononic heat conductance, that is, el (T 0 ) ϭ ph (T 0 ) in small temperature regime. When T Ͻ Ͻ T 0 , where ph (T) Ͻ Ͻ el (T), the electronic heat conductance dominates the combined heat conductance, and ZT increases as the temperature increases:
. Similarly, when T Ͼ Ͼ T 0 , where ph (T) Ͼ Ͼ el (T), the phononic heat conductance dominates the combined heat conductance, and ZT tends to a saturation value:
, it is necessary to increase the Seebeck coefficient S and the electric conductance , as well as to decrease the combined heat conductance ( el ϩ ph ). The presence of the phononic heat current increases the combined heat conductance, thus suppressing the thermoelectric figure of merit ZT. We suggest that ph be minimized ( ph ¡ 0) by choosing low elasticity bridging nanostructured object or by creating poor thermal contacts in the nanojunctions, while the electrons are still allowed to tunnel. In this case, ZT Ϸ S 2 T/ el . It is worth noting that and el roughly cancel each other out in the contribution of ZT because both are proportional to (). The cancelation between and el makes the enhancement of ZT a challenging task.
In addition, it is noted that the phononic heat current dominates for T Ͼ Ͼ T 0 where ZT tends to a saturation value (ZT ¡ S 2 T/ ph ). The phononic heat conductance decreases as the length of nanojunction increases: ph Ϸ ␥(l)T 3 ϰ l
Ϫ2
. As a consequence, ZT increases as the length of the nanojunction increases in case that the is less sensitive to the length l such as the metallic atomic junctions. In contrast, the insulating molecular junctions show opposite trends. The electric conductance of insulating molecular junctions decreases exponentially with the length l [ ϭ 0 exp(Ϫl)], which in turn, dominates the dependence of ZT on the length l. Therefore, the length characteristic of ZT for the metallic atomic junctions is opposite that of the insulating molecular junctions. For conducting atomic junctions, the saturation value of ZT increases as the length increases. On the other hand, for the insulating junctions, the saturation value of ZT decreases as the length increases. This point is explained using two catalogs of nanojunctions: the aluminum (conducting) atomic junc- tions and the alkanethiol (insulating) molecular junction, as discussed below. Aluminum Atomic Junctions. Aluminum atomic junctions are ideal test beds to study the charge transport.
16Ϫ19
In order to investigate the length dependence of thermoelectric efficiency ZT, we study the Al atomic junctions for one to four atoms sandwiched between two bulk Al electrodes (r s Ϸ 2). Figure 1a shows the Seebeck coefficient as a function of temperatures for various lengths of Al atomic junctions. The numerics show that the Seebeck coefficient is linear in temperatures, which corresponds well with the analytical expression in eq 2: S Ϸ ␣T. At a fixed temperature, the magnitude of the Seebeck coefficient increases along with the increase of the number of Al atoms due to the corresponding increase of the slope in the transmission function at the Fermi level. As shown in the inset of Figure 1b , the electric conductance is relatively insensitive to the lengths of the junctions (typically around 1 to 2G 0 ; 1G 0 Ϸ 77 S), apart from a possible four-atom periodicity due to a filling factor of 1/4 in the orbital. 25 Meanwhile, as shown in the main body of Figure 1b , the magnitude of electronic heat conductance is linear in temperatures, which agrees well with eq 3: el Ϸ ␤T. At a fixed temperature, the dependence of the magnitude of el on the number of Al atoms is the same as that of , due to the fact that both and el are proportional to the transmission function ().
There is a characteristic temperature, T 0 , defined as the temperature where el (T 0 ) ϭ ph (T 0 ). The numerics obtained from eqs 19 and 23 are given in Table 1 , which agree well with the equation T 0 ϭ (␤/␥(l)) 1/2 obtained from eqs 3 and 4 in the small temperature regime. The relation T 0 ϭ (␤/␥(l)) 1/2 predicts that the characteristic temperatures increase as the lengths of aluminum atomic junction increase. The reason behind this is that the dependence of ␤ on the lengths is weaker than that of ␥ (␥(l) ϰ l Ϫ2 ) in the Al metallic atomic junction. Figure 1c shows
13 dyn/cm 2 from the total energy calculations. 23 The phononic heat conductance increases with T 3 as predicted in eq 4. As can be seen, when T Ͼ Ͼ T 0 , ph Ͼ Ͼ el is due to the large value of Young's modulus and the different temperature dependence for el Ϸ ␤T and ph Ϸ ␥(l)T ) by the lengths of the Al atomic junction. The mechanical elasticity of the Al junctions is sensitive to the detailed geometry in the contact region, which is unknown in the real experiment. If a mechanical link can be thwarted by creating a poor one while the electrons are still allowed to tunnel, then ZT could be strongly enhanced, as shown in the inset of Figure 1d , where the phononic heat conductance ph is taken to be zero. In this case, the thermal current is only carried by electron transport so that
, and T 0 vanishes due to ph ϭ 0. Alkanethiol Molecular Junctions. Alkanethiols [CH 3 (CH 2 ) nϪ1 SH, denoted as C n ] are good examples of reproducible junctions that can be fabricated. 20, 21 In contrast to the conductor behavior of aluminum atomic junctions, alkanethiol junctions serve as insulators. It has been established that nonresonant tunneling is the main conduction mechanism in alkanethiol junctions. Consequently, the conductance is small and decreases exponentially with the length of junction, as ϭ 0 exp(Ϫl), where l is the length of alkanethiol junction and Ϸ 0.78 Å Ϫ1 , 26Ϫ30 as shown in the inset of Figure 2b . The DFT calculations involve continuum states with large amount of energy mesh and a large basis over 3000 plane waves. Limited by the demanding computing resources, this study approximates the wave functions of the C n junctions through a simple scaling factor exploiting the periodicity in the (CH 2 ) 2 group of the alkanethiol chains, which leads to exponential scal- 
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T, and its dependence on the number of carbon atoms is canceled due to the same scaling factor, exp(Ϫl), for both () and ‫.‪E‬ץ/)(ץ‬ We note that the cancelation may not be complete in the real experiments; thus, the Seebeck coefficient could possibly show weak length dependence due to other effects. 2, 4 As shown in the main body of Figure 2b , the magnitude of electronic heat conductance is linear in temperatures, el Ϸ ␤T. At a fixed temperature, the magnitude of el decreases exponentially with n, which is the number of carbon atoms in C n , owing to the scaling behavior of (E). As shown in Figure 2c , phononic heat conductance increases as the temperature increases as denoted by ph ϭ ␥(l)T 3 for the Young's modulus estimated by the total energy calculations. 24 At a fixed temperature, ph decreases as n Ϫ2 due to ␥(l) ϰ l Ϫ2 (see Figure 2c) . Due to the small transmission probability for the insulating alkanethiol junctions, the electronic heat conductance (note, el ϰ ) is much suppressed such that el Ͻ Ͻ ph , as shown in Figure 2b ,c. The respective characteristic temperature, T 0 , for various C n junctions are listed in Table 2 . The trend of the dependence of T 0 on lengths in C n junctions is opposite to that in the aluminum atomic junctions. The reason is that the length characteristic of ␤ in the C n junctions decreases exponentially [as () ϰ exp(Ϫl)], which is stronger than that of ␥(l) ϰ l
Ϫ2
. Thus, the length characteristic of T 0 Ϸ (␤/␥(l)) 1/2 is dominated by ␤ ϰ exp(Ϫl). Consequently, the characteristic temperature, T 0 , decreases as the lengths of C n junctions increase. The T 2 regime for ZT (where T Ͻ Ͻ T 0 ) is significantly suppressed owing to the insulating behavior of of the C n junctions.
The main body of Figure 2d shows ZT as a function of temperatures for various C n junctions. The thermoelectric figure of merit tends to a saturation value for T Ͼ Ͼ T 0 . The saturation values of ZT decrease as the lengths increase. Owing to the insulating behavior of C n junctions, ZT Ϸ ␣
, and ␣ Ϸ constant. Nevertheless, there is enough experimental evidence to show that the junctions have poor thermal contacts for certain samples. 31 Those samples quickly frustrate at much smaller biases due to poor heat dissipation when the local heating is triggered. 18, 32, 33 In such cases, the bridging nanostructure effectively has a very small Young's modulus. In the limit of extremely poor phononic thermal contacts (effectively, ph ϭ 0), which leads to ZT ϰ ␣ 
CONCLUSIONS
In conclusion, the self-consistent DFT calculations together with analytical expressions are applied to investigate the thermoelectric figure of merit ZT in the nanoscale junctions. There is a characteristic temperature T 0 for ZT, which is defined as the temperature where the electronic heat conductance equals the phononic heat conductance. When T Ͻ Ͻ T 0 , the electronic heat conductance dominates the combined heat conductance and ZT ϰ(␣ 2 /␤)T 2 ; when T Ͼ Ͼ T 0 , the phononic heat conductance dominates the combined heat conductance and ZT trends to the saturation value ␣ 2 /␥(l). The relation between ZT and the lengths of nanojunction depends on the conducting mechanism: for aluminum (conducting) atomic junctions, the saturation value of ZT increases as the length increases because ph ϰ l Ϫ2 dominates the length dependence;
while for the alkanethiol (insulating) chains, the saturation value of ZT decreases as the length increases, owing to ϰ exp(Ϫl), which dominates the length dependence. Thus, the dependence of ZT on the lengths for the metallic atomic junctions is opposite to that for the insulating molecular junctions. In addition, we also find that T 0 of the aluminum (conducting) atomic junction increases as the length of the junction increases; on the other hand, T 0 of the alkanethiol (insulating) junction decreases as the length of the junction increases. The difference in the length dependence between the insulating molecular junctions and the metallic atomic junctions is due to different length-scaling behavior in the electric conductance.
Of key importance to increasing the thermoelectric efficiency is using materials with a large value of Seebeck coefficient. Such materials are usually characterized by a sharp peak in the transmission function near the Fermi levels. The thermoelectric efficiency could be further optimized by applying gate fields or choosing low-elasticity bridging materials in nanoscale junctions. The widely diversified atomic-sized junctions may be achieved by manipulating the species of nanostructured objects and the contact region. Such manipulations may lead to a significant change in DOSs, consequently varying the Seebeck coefficient of the nanojunctions. A full exploration of all the possibilities in such an unknown system may lead to observations of large ZT values, suitable for practical thermoelectric nanodevices. The conclusions of this study may be beneficial to further studies attempting to increase the thermoelectric efficiency through the design of thermoelectric nanodevices at the atomic and molecular levels.
THEORETICAL METHODS
In the subsection Density Functional Theory, we present an introduction to the density functional theory (DFT) in the scattering approaches. In the subsection Theory of ZT, we briefly introduce the method of applying DFT to compute the electric conductance , the Seebeck coefficient S, and the electronic heat conductance el . We also briefly introduce the method to calculate the phononic heat conductance ph from the weak link model.
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Density Functional Theory. We start with a brief introduction of how to calculate the electric current and the electronic heat current carried by the electron transport in the DFT framework. We picture a nanoscale junction as formed by two semi-infinite electrodes held a fixed distance apart, with a nanostructured object bridging the gap between them. The full Hamiltonian of the system is H ϭ H 0 ϩ V, wherein H 0 is the Hamiltonian due to the bare electrodes, and V is the scattering potential of the nanostructured object. The nanostructured object could be a single atom, a chain of atoms, a molecule, or any system with nanoscale dimension. First, we calculate the wave functions of the bare electrodes with an applied bias where K ʈ is the electron momentum in the plane parallel to the electrode surfaces, and z is the coordinate parallel to the current's direction. The condition of energy conservation gives 1/2k R
, wherein v eff (z) is the effective potential comprising the electrostatic potential and the exchange-correlation potential.
The nanostructured object is considered in the scattering approaches. The scattering wave functions of the entire system are calculated by solving the LippmannϪSchwinger equation iteratively until self-consistency is obtained where ⌿ EK ʈ L(R) (r) stands for the effective single-particle wave functions of the entire system, which also represents the electrons with energy E incident from the left (right) electrode. The potential V(r 1 , r 2 ) the electrons experience when they scatter through the nanojunction is where V ps (r 1 , r 2 ) is the electronϪion interaction potential represented with pseudopotential; V xc [n(r 1 )] is the exchangecorrelation potential calculated at the level of the local-density approximation; n 0 (r) is the electron density for the pair of biased bare electrodes; n(r) is the electron density for the total system; and ␦n(r) is their difference. The quantity G E 0 is the Green's function for the bare electrodes. A basis of about 3000 plane waves has been chosen for this study. The wave functions that achieve self-consistency in the DFT framework are applied to calculate the electric current, the Seebeck coefficient, and the electronic heat current carried by the electrons.
These right-and left-moving wave functions, weighting with the Fermi-Dirac distribution function according to their energies and temperatures, are applied to calculate the electric current as where
and dR represents an element of the electrode surface. Here we have assumed that the left and right electrodes are independent electron reservoir, with the electron population described by the Fermi
, where L(R) and T L(R) are the chemical potential and the temperature in the left (right) electrode, respectively. More detailed descriptions of theory can be found in refs 34Ϫ36.
The above expression can be casted into a LandauerϪ Bü ttiker formalism: 
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Theory of ZT. In this subsection, we briefly describe the method used to calculate the Seebeck coefficient S, the electric conductance , and the electronic heat conductance el . We also describe the method to calculate the phononic heat conductance ph via the weak link model. We begin with the description of the method for the calculation of the Seebeck coefficient. We assume that the left (right) electrode serves as the electron and thermal reservoir with the electron population described by the Fermi-Dirac distribution function. We consider an extra current induced by an additional infinitesimal temperature (⌬T) and voltage (⌬V) distributed symmetrically across the junctions After expanding the Fermi-Dirac distribution function to the first order in ⌬T and ⌬V, we obtain the Seebeck coefficient (defined by S ϭ ⌬V/⌬T) by letting ⌬I ϭ 0
/‫ץ‬E](E), and (E) ϭ
In this paper, we focus on the zero bias regime with two electrodes at the same temperatures ( L ϭ R ϭ ; T L ϭ T R ϭ T); eq 13 above can be simplified as In addition, the differential conductance, typically not sensitively related to temperatures in cases where direct tunneling is the major transport mechanism, may be expressed as Second, the electronic heat current, which removes the thermal energy from the left (right) temperature reservoirs, is expressed by Near the zero bias ( L Ϸ R ϭ ), we note that J el L ϭ ϪJ el R ϭ J el , and as such, eq 16 can be written as
Considering an extra thermal current induced by an additional infinitesimal temperature (⌬T) and voltage (⌬V) symmetrically distributed across the junction, we come up with We obtain the electronic heat conductance (defined by k el ϭ ⌬J el /⌬T) after expanding the Fermi-Dirac distribution function to the first order in ⌬T and ⌬V expressed by where K n ϭ Ϫ͐dE(E Ϫ ) n [‫ץ‬f E /‫ץ‬E](E). Thus far, the physical quantities (S, , and el ) previously discussed are related to the propagation of electrons. However, it must be noted that the heat current can be conveyed by the propagation of electrons and phonons. In the absence of the phononic heat conductance, the research on ZT is incomplete. As such, in order to consider the phonon contribution to ZT, it is assumed that the nanojunction is a weak elastic link, with a given stiffness K that we evaluate from total energy calculations. Two metal electrodes are regarded as the macroscopic bodies under their thermodynamic equilibrium and are taken as ideal thermal conductors. To leading order in the strength of the weak link, the mechanical link is modeled by a harmonic spring. We then estimate the phononic heat current (J Q ph ) via elastic phonon scattering as 22 where the stiffness K ϭ AY/l is evaluated from the first-principles. 23, 24 The symbol, Y, is the Young's modulus of the junction, and A (l) is the cross section (length) of the nanostructured object sandwiched between electrodes. N L(R) (E) Ӎ CE, where C is a constant, is the spectral density of phonon states at the left (right) electrode surface. 37 Here, we have assumed that the metal electrodes are thermodynamically in equilibrium as described by the BoseϪEinstein distribution function n L(R) ϵ 1/(e E/K B T L(R) Ϫ 1). The rate of thermal energy carried by phonons flowing between two bulk electrodes joined by a nanostructured object is appropriately considered in the weak link model, which is valid for temperatures lower than the Debye temperatures. 22 The range of temperatures in the current study lies within this region (the Debye temperature is 394 K for Al and 170 K for Au). The phononic heat conductance is defined as After expanding the BoseϪEinstein distribution function in the left (right) electrode to the first order of ⌬T in the expression of the phononic heat current, the phononic heat conductance is thus obtained:
When T R Ϸ T L ϭ T, then eq 22 can be written as where n ϭ 1/[e E/(k B T) Ϫ 1] . Finally, when L Ϸ R ϭ and T R Ϸ T L ϭ T, the thermoelectric figure of merit ZT ϭ S 2 T/( el ϩ ph ) can be calculated using eqs 14, 15, 19, and 23.
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